Abstract. The present work aims at the study of molecular relaxations in PVDF/BaTiO3 nanocomposites using broadband dielectric spectroscopy. The nanocomposites of PVDF with BaTiO3 (10-30% by wt%) are prepared using simple melt mixing method. In dielectric permittivity study, two relaxation processes are identified corresponding to the crystalline, glass transition in the PVDF/BaTiO3 nanocomposites. The peaks shift to higher frequencies as the temperature is increased. Electric modulus formalism is used to analyze the dielectric relaxations to overcome the conductivity effects at low frequencies. In M″ spectra two peaks are observed only at high temperature and low frequency whereas a single relaxation peak appears at low temperatures. The single relaxation peak appearing at low temperatures is the αc relaxation attributed to crystalline chain relaxation in PVDF and the second relaxation peak which appears only at high temperatures and at a frequency lower than αc relaxation is identified as MWS relaxation. The temperature dependence of αc relaxation and MWS relaxation follows Arrhenius type behavior.
Introduction
Nanocomposites of electroactive ceramics and a ferroelectric polymer are very attractive for many applications as their properties can be easily tailored to suit particular performance requirements [1] . In these nanocomposites, the final properties depend essentially on parameters such as grain size of ceramic, method of preparation of composites and on the dispersion of the ceramic particles into the polymer matrix [2] [3] [4] [5] . PVDF is semicrystalline polymer with pyro and piezoelectric properties. Its high permittivity and relatively low dissipation factor made it a potential candidate to useful in many applications [6, 7] . The piezoelectric and pyroelectric properties of PVDF have led for intensive technological applications. Piezoelectric polymers have advantage over piezoelectric ceramics for certain applications wherein acoustic impedance similar to that of water or living tissue is required [8] . Due to this reason PVDF is increasingly used for medical and industrial applications. Although, there are several techniques to understand dynamics in polymer nanocomposites, dielectric spectroscopy is a well established tool for materials characterization [9, 10] . The magnitude and frequency location of the energy absorption associated with various processes depends critically on physical and chemical nature of the material [11] . In this article, we present the results of relaxations in PVDF/BaTiO 3 nanocomposites prepared by melt compounding technique. Although there have been few reports on PVDF/BaTiO 3 composites with high loading of BaTiO 3 (upto 50% by volume) the relaxations in this nanocomposites were not studied [12, 13] . In the present work, relaxations in PVDF/ BaTiO 3 at low BaTiO 3 content i.e. upto 11.5% by volume are investigated using dielectric spec-troscopy over a temperature range from 30 to 150°C.
Experimental

Materials
PVDF grade, Solef 1008 (with weight-average molecular weight of 100·10 3 g/mol) procured by Solvay Belgium is used for this study. BaTiO 3 nanoparticles (formula weight = 233.24) of more than 99% purity are procured from Aldrich chemicals. The average diameter of the particle is around 30-50 nm.
Melt processing of PVDF/BaTiO 3 nanocomposites
The nanocomposites of PVDF with various weight percent of BaTiO 3 (10, 20 & 30% wt/wt) are processed via melt mixing in Thermo Haake Polylab batch mixer at 200°C, with 60 rpm for 5 minutes. The films of uniform thickness are compression molded at 200°C under 5-ton pressure using Carver Press (Germany). The thickness of the films is about 0.4 to 0.5 mm.
Characterization techniques
Scanning electron microscopy (SEM)
The dispersion of BaTiO 3 nanoparticles in the polymer matrix is determined from the morphology of fractured surfaces of PVDF/BaTiO 3 nanocomposites using Leica-440 scanning electron microscope. Cryo-fractured films are used for this purpose and fractured surfaces are sputtered by gold to avoid overcharging.
Dielectric relaxation spectroscopy (DRS)
Complex dielectric permittivity measurement of PVDF and PVDF/BaTiO 3 nanocomposites is done using Novocontrol broadband dielectric spectrometer with the ZGS active sample cell equipped with temperature controller and WinFit software for data analysis. The dielectric response of material in the frequency ranging from 10 MHz to 0.01 Hz over the temperature range of 30 to 150°C is measured by placing sample between two 20 mm gold plated electrodes. Quick drying silver paste is used to ensure good electrical contact. Figure 1a shows the transmission electron microscopy (TEM) micrograph of BaTiO 3 clusters. The average initial size of BaTiO 3 nanoparticles is around 50 nm as evidenced by TEM micrograph. The cryofractured surface morphology of PVDF/ BaTiO 3 nanocomposites with scanning electron microscopy (SEM) is shown in Figure 1b . SEM micrograph reveals slight agglomeration of BaTiO 3 nanoparticles in the nanocomposites. The average aggregate size of filler in nanocomposites is around 100 nm. The microscopic observation validates the nano-dispersion of filler in the polymer matrix.
Results and discussion
Morphology study
Dielectric relaxation spectroscopy (DRS) study
Dielectric spectroscopy has been widely used in polymer relaxation analysis and has the advantage over dynamic mechanical methods in that it covers much wider frequency ranges [14] [15] [16] [17] . The study of polymers as a function of frequency and temperature can be used to elucidate the effects due to intermolecular co-operative motions and hindered dielectric rotations. Figure 2 shows the typical dielectric permittivity (ε′) and dielectric loss (ε″) of PVDF/BaTiO 3 nanocomposites as a function of frequency at 30°C. As expected, the dielectric constant of PVDF/ BaTiO 3 nanocomposites increases with the increase in BaTiO 3 content. It can be found that dielectric permittivity measured at lower frequency is always greater than higher frequency. With the increasing frequency, dielectric constant decreases very fast upto 10 +02 Hz and in frequency range from 10 +02 to 10 +06 Hz it is almost constant. In the studied frequency range 10 -02 to 10 +07 Hz, the decrease in dielectric constant of PVDF/BaTiO 3 nanocomposites with increase in frequency is similar to that of PVDF. The frequency dependence of dielectric study indicates that introduction of BaTiO 3 increases the dielectric constant of the PVDF from about 11 to 25 at 30 wt% of BaTiO 3 content. The permittivity loss curve at 30°C shows two relaxations. The peak at 10 +07 Hz is related to the glass transition relaxation of PVDF and is denoted as α a relaxation [6, 8, 17, 18] . The frequency and temperature limit of instrument constraints the full view of α a relaxation. Earlier literature work confirms peak at 10 +07 Hz to be related to the microBrownian cooperative motions of the main chain backbone and is dielectric manifestation of the glass transition temperature of PVDF [19] . The relaxation peak at about 10 +00 Hz is attributed to α a relaxation and is associated with the molecular motions in crystalline region of PVDF. The presence of α a relaxation peak in PVDF/BaTiO 3 nanocomposites explains the non-polar i.e. α phase of PVDF in nanocomposites [20] . Several interpretations of these transitions are reported [21] [22] [23] .
Frequency dependence of dielectric constant at 30°C
Takahashi and Miyaji have attributed this relaxation to the reversible conformation rearrangement in the crystals while Nagakawa and Ishida have attributed this relaxation to the molecular motions in chain folds of crystalline lamellae and in the interior of crystals. Miyamoto et al. have ascribed this transition to the change in conformation with internal rotation that occur in crystalline phase and have reported that the defects in the crystalline phase play a major role.
Temperature dependence of dielectric constant
The temperature dependence of dielectric permittivity for PVDF is shown in Figure 3 . As can be seen, the dielectric permittivity increases with increasing temperature. The room temperature value of permittivity at frequency 10 -02 Hz is about 15, which increase to about 42 at 90°C. In case of permittivity loss curves, the α a relaxation corresponding to the glass transition temperature shifts to higher frequency with increasing temperature and thus can not be detected in this experimental window, while the crystalline relaxation is clearly visible. The frequency dependence of dielectric loss can be described by Havriliak-Negami (HN) function. Havriliak-Negami (HN) functional formalism [19] that can be phenomenologically described as a combination of the conductivity term with the HN functional form as Equation (1): (1) where σ dc is the direct current electrical conductivity, ω = 2πf is the angular frequency, ε 0 denotes the vacuum permittivity, N is an exponent (0<N<1), Δε k is the dielectric of the k th process, τ HN k is the most probable value of the central relaxation time distribution function, and a k and b k are shape parameters related to symmetric and asymmetric broadening of the relaxation peak, respectively. All HN fits reported here were performed using WinFit software program provided with the Novocontrol dielectric analyzer. The values of the HN parameters a and b for the nanocomposites were found to be similar to those of pure PVDF. This suggests that the intermolecular and intramolecular interactions that arise in the polymer and the nanocomposites are almost identical. PVDF/BaTiO 3 composites exhibit the similar dielectric behavior to that of PVDF as shown in Figure 4 . However, the most apparent difference between PVDF and PVDF/BaTiO 3 nanocomposites can be seen at low frequency region. The conductivity effect in the low frequency is more pronounced in PVDF/BaTiO 3 nanocomposites as compared to that of PVDF. This behavior is similar to that observed in polyisoprene and organically modified Cloisite 25A nanocomposites [24] . The increase in the values of the permittivity and the displacement of the peak maximum of permittivity with the temperature are characteristic behavior of dielectric dispersion. Most generally, in the system with low conductivity the rapid increase of the permittivity at very low frequency is due to the electrode polarization and the effect of electrode polarization can completely masks the low frequency relaxation. To overcome the electrode polarization effect and to resolve low frequency relaxation, 'electric mod- ulus' formalism is used for the study of dielectric relaxations. The electric modulus formalism is introduced by McCrum et al. [11] and it is used to study electrical relaxation phenomena in many polymers [25] [26] [27] . The electric modulus is defined by the Equation (2): (2) where M′ and M″ are the real and the imaginary part of electric modulus respectively, and ε′ and ε″ are the real and the imaginary part of dielectric permittivity. Figure 5a shows typical 3D plots of dielectric modulus spectra for pure PVDF at various temperatures as a function of frequency. Two relaxation processes can be clearly observed in the M″ curves. The relaxation peak at high frequency side is identified as fast symmetric crystalline relaxation and it shifts to higher frequency with the increasing temperature. At high temperature, another peak appears in modulus spectra. This is attributed to Maxwell-Wagner-Sillars (MWS) polarization which can be seen in the heterogeneous materials and is also known as interfacial polarization. At temperature about 70°C the MWS relaxation peak starts appearing in PVDF whereas in PVDF/BaTiO 3 nanocomposites the MWS peak is seen at higher temperature about 90°C. In semicrystalline polymers, the crystalline regions are dispersed in amorphous matrix and MWS relaxation is observed in these materials due to the differences in the conductivity and permittivity values of the crystalline and amorphous phases [28, 24] . For heterogeneous composite, an interfacial polarization is almost always present because of filler additives or even impurities that migrate towards the interface [29] . The M″ peaks for both relaxation processes shift to a higher frequency with increasing temperature. In addition, there is no significant change in the dielectric relaxation peak height for crystalline relaxation process, however, the intensity of dielectric relaxation peak at low frequency side increases with temperature and peak broadening decreases signifying asymmetric nature of MWS relaxation. Similar dielectric relaxation in the low frequency region below that of crystalline relaxation (α c ) is noted in earlier work on PVDF and this relaxation is ascribed to be interfacial or MWS polarization [30] . The relaxation peaks of PVDF and PVDF/BaTiO 3 nanocomposites as a function of frequencies at 120°C are shown in Figure 6 . In case of α c relaxation, peak appears at same frequency for polymer and nanocomposites, whereas MWS peak for PVDF/BaTiO 3 nanocomposites shifts to lower frequency as compared to PVDF. It can also be seen that the intensity of MWS relaxation decreases with increasing content of BaTiO 3 which is characteristic of MWS relaxation [31, 32] . Similar behavior is observed for PVDF/BaTiO 3 nanocomposites at all measured temperatures. The temperature dependence of a relaxation process is further analyzed by plotting the frequency maximum versus reciprocal of temperature. Figure 7 shows the activation energy plots of PVDF for two relaxation processes observed. The relaxation time decreases with increasing temperature due to enhancement of mobility of charge carriers at high temperature. The temperature dependence of dielectric relaxation can be well described by the Arrhenius type behavior.
The plot for crystalline relaxation process yields straight line and from the slope of the line activation energy can be calculated using Arrhenius equation (3):
where f -frequency maximum in permittivity loss spectra, E a -activation energy, k -Boltzmann's constant. The activation energy was calculated for the crystalline relaxation, α c , for PVDF and PVDF/BaTiO 3 nanocomposites. The activation energy was found to be about 0.41 eV for PVDF as well as PVDF/ BaTiO 3 nanocomposites. This value is in good agreement with the reported value of activation energy for crystalline relaxation (α c ) in PVDF [33] . The MWS relaxation shows Arrhenius type behavior indicating relaxation is thermally activated process. Table 1 
Conclusions
PVDF/BaTiO 3 nanocomposites are prepared using simple melt mixing technique. The BaTiO 3 nanoparticles are well dispersed in the PVDF matrix as evidenced by the scanning electron micrographs. The dielectric permittivity increases with increasing BaTiO 3 content. The room temperature dielectric spectra show two relaxations processes corresponding to the T g and α c relaxation while at high temperature another low frequency relaxation is observed which is attributed to the MWS relaxation. The temperature dependence of α c relaxation and MWS relaxation follows Arrhenius type behavior. The activation energies of crystalline relaxation of MWS relaxation are not changed in nanocomposites. 
